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ABSTRACT Favipiravir is an RNA polymerase inhibitor that showed strong antiviral
efficacy in vitro and in small-animal models of several viruses responsible for hemor-
rhagic fever (HF), including Ebola virus. The aim of this work was to characterize the
complex pharmacokinetics of favipiravir in nonhuman primates (NHPs) in order to
guide future efficacy studies of favipiravir in large-animal models. Four different
studies were conducted in 30 uninfected cynomolgus macaques of Chinese (n = 17)
or Mauritian (n = 13) origin treated with intravenous favipiravir for 7 to 14 days
with maintenance doses of 60 to 180 mg/kg of body weight twice a day (BID). A
pharmacokinetic model was developed to predict the plasma concentrations ob-
tained with different dosing regimens, and the model predictions were compared to
the 50% effective concentration (ECs,) of favipiravir against several viruses. Favipira-
vir pharmacokinetics were described by a model accounting for concentration-
dependent aldehyde oxidase inhibition. The enzyme-dependent elimination rate in-
creased over time and was higher in NHPs of Mauritian origin than in those of
Chinese origin. Maintenance doses of 100 and 120 mg/kg BID in Chinese and Mauri-
tian NHPs, respectively, are predicted to achieve median trough plasma free concen-
trations above the EC,, for Lassa and Marburg viruses until day 7. For Ebola virus,
higher doses are required. After day 7, a 20% dose increase is needed to compen-
sate for the increase in drug clearance over time. These results will help rationalize
the choice of dosing regimens in future studies evaluating the antiviral effect of
favipiravir in NHPs and support its development against a variety of HF viruses.

KEYWORDS favipiravir, population pharmacokinetics, hemorrhagic fever, nonhuman
primates, modelling

merging infectious diseases leading to hemorrhagic fever (HF), with severe prognosis

and a strong ability to spread, have become a major public health concern, in
particular in countries with limited incomes. Etiologic viruses are diverse and include
Ebola virus (EBOV) (1), Marburg virus (MARV) (2), dengue virus (3), Junin virus JUNV) (4),
Crimean-Congo hemorrhagic fever virus (CCHFV) (5), Rift Valley fever virus (RVFV) (6),
Lassa virus (LASV) (7), and yellow fever virus (YFV) (8). For most of these viruses, there
are no curative therapeutics, and treatment essentially relies on supportive care (9).

January 2017 Volume 61 Issue 1 e01305-16 Antimicrobial Agents and Chemotherapy

ANTIVIRAL AGENTS

t.)

Check for
updates

Received 19 June 2016 Returned for
modification 7 August 2016 Accepted 27
September 2016

Accepted manuscript posted online 10
October 2016

Citation Madelain V, Gued; J, Mentré F,
Nguyen THT, Jacquot F, Oestereich L, Kadota T,
Yamada K, Taburet A-M, de Lamballerie X,
Raoul H. 2017. Favipiravir pharmacokinetics in
nonhuman primates and insights for future
efficacy studies of hemorrhagic fever viruses.
Antimicrob Agents Chemother 61:201305-16.
https://doi.org/10.1128/AAC.01305-16.
Copyright © 2016 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Vincent Madelain,
vincentmadelain@inserm.fr.

aac.asm.org 1


https://doi.org/10.1128/AAC.01305-16
https://doi.org/10.1128/ASMCopyrightv1
mailto:vincent.madelain@inserm.fr
http://crossmark.crossref.org/dialog/?doi=10.1128/AAC.01305-16&domain=pdf&date_stamp=2016-10-10
http://aac.asm.org

Madelain et al. Antimicrobial Agents and Chemotherapy

TABLE 1 In vitro favipiravir antiviral activity against several hemorrhagic fever viruses
obtained by virus titer reduction assays on Vero cells

Virus Strain ECs, (ng/ml) ECyo (pg/ml)? Reference
MARV Leiden 6.8 1.4 —b
RVFV MP-12 5 ND 17
JUNV Candid 1 0.79 ND 17
JUNV Romero 1.9 33 17
LASV Ba366 4.6 6.8 13
LASV Josiah 1.7-111 1.7-111 15
CCHFV Afg-09 2990 1.1 1.2-4.7 12
EBOV Mayinga 1976 10.5 17.3 11
EBOV Kikwit 1995/E718 31-63 31-63 16
YFV 17D 424 51.8 18

aND, not determined.
bSee the supplemental material.

Considering the etiologic diversity of these HFs and the fact that they do not represent
a major interest for pharmaceutical companies, it is particularly relevant to identify
drugs with broad-spectrum activity. Favipiravir, a pyrazine carboxamide derivative
initially developed and approved for treatment against resistant influenza in Japan (10),
is a relevant candidate, with several studies demonstrating its effectiveness against
different HF viruses in vitro and in rodent models (10-18). This molecule is an RNA
polymerase inhibitor, metabolized intracellularly into the active form favipiravir ribosyl
triphosphate, which is thought to prevent viral RNA strand extension and induce lethal
mutagenesis (10). Drug efficacy against EBOV was recently evaluated in a clinical trial
in Guinea (JIKI trial). The conclusion of this study was that favipiravir monotherapy
merits further investigation in patients with low- to medium-level viremia but not in
those with high-level viremia (19).

In order to further evaluate the efficacy of this drug, nonhuman primates (NHPs)
remain the most relevant animal model for these infections (20). However, experiments
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FIG 1 Individual observed pharmacokinetic profiles of favipiravir from study 1A (top left), study 1B (top right), study 2A (bottom left), and study 2B (bottom
right). Study 1A included nonanesthetized male Chinese cynomolgus macaques treated for 7 days, study 1B included anesthetized female Chinese cynomolgus
macaques treated for 14 days, study 2A included anesthetized female Mauritian cynomolgus macaques treated for 14 days, and study 2B included anesthetized
female Mauritian cynomolgus macaques treated for 7 days. Pharmacokinetic profiles for macaques receiving a maintenance dose of 60 mg/kg BID are
represented in blue, those for macaques receiving 100 mg/kg BID are in red, those for macaques receiving 150 mg/kg BID are in green, and those for macaques
receiving 180 mg/kg BID are in purple. Dashed lines represent the limit of quantification.

January 2017 Volume 61 Issue 1 e01305-16 aacasm.org 2


http://aac.asm.org

Favipiravir Pharmacokinetics in Nonhuman Primates

Antimicrobial Agents and Chemotherapy

TABLE 2 Noncompartmental analysis of favipiravir pharmacokinetic studies in cynomolgus macaques?

Median Ciougn

(mg/liter) (min-max)

Median C,,,.x
(mg/liter) (min-max)

No. of Loading dose Maintenance dose
Study animals (mg/kg BID) (mg/kg BID) Day 1 Day 7 Day 14 Day 1
1A 3 300 150 76.5 (51.2-120.0) 97.4 (61.8-231.0) NA 482.0 (472-597)
3 300 100 58.6 (32.9-175.0) 24.3 (2.8-35.5) NA 520 (508-653)
3 300 60 98.9 (51.1-127.0) BLQ (BLQ-15.7) NA 408.0 (327.0-575.0)
1B 4 250 150 31.2 (0.5-99.3) 105.6 (68.4-178.0) 56.8° (34.2-130.0) 545.0 (531.0-642.0)
4 200 100 3.3 (0.6-5.5) 30.9 (17.8-52.8) 11.6 (7.1-32.9) 473.5 (362.0-539.0)
2A 5 200 100 BLQ (BLQ-5.8) 9.7 (BLQ-18.1) 10.3 (BLQ-37.3) 316.2 (227.9-378.9)
2B 4 250 180 10.4 (BLQ-35.9) 138.8 (85.4-397.8) NA 546.1 (515.8-692.1)
4 250 150 BLQ (BLQ-8.4) 46.0 (21.8-70.5) NA 481.8 (449.8-573.7)

aMedians (minima to maxima) for each parameter for the different studies are shown. Study 1A included nonanesthetized male Chinese cynomolgus macaques
treated for 7 days, study 1B included anesthetized female Chinese cynomolgus macaques treated for 14 days, study 2A included anesthetized female Mauritian
cynomolgus macaques treated for 14 days, and study 2B included anesthetized female Mauritian cynomolgus macaques treated for 7 days. BLQ, below the limit of

quantification; NA, not available.
bNoncompartmental parameters were calculated at day 11 due to premature dosing interruption.

are limited by infectious hazards, cost, and ethical issues, which restrain the possibility
of conducting large dose-ranging studies with detailed pharmacological assessments.
In the case of favipiravir, a drug with complex nonlinear pharmacokinetics (PK) (21) and
for which the range of 50% effective concentrations (ECs,) against HF viruses is large
(Table 1), an additional difficulty is to identify the relevant dosing regimen.

Here we analyzed the PK of intravenous (i.v.) favipiravir in cynomolgus macaques
after administration of repeated doses. Based on the results of four studies, we modeled
the dose concentration relationship of favipiravir using a population approach, taking
into account effects of drug nonlinearity, sex, anesthesia, and geographic origin. Using
this model, we performed simulation studies to estimate the impact of various dosing
regimens on favipiravir exposure and compared these data with EC., for several HF
viruses.

RESULTS

Safety. No animals died, and no toxic effect was found upon necropsy. Transient
lacks of feces, vomiting, and stereotypic movement disorders (repeated backward head
movements) were noted. A drop in the hemoglobin blood level, associated with an
increased reticulocyte count, was observed in the four studies, with median (minimum,
maximum) variations of —2.3 g/dl (—0.8, —3.2 g/dl) and —1.3 g/dl (0.2, —4 g/dl) from
baseline to day 7 in studies 1A and 2B, respectively, and —2.3 g/dl (—1.4, —2.8 g/dl) and
—2 g/dl (—0.9, —2.5 g/dl) from baseline to day 14 in studies 1B and 2A, respectively. In
study 1B, in macaques receiving 150 mg/kg twice a day (BID), food consumption
decreased continuously during the dosing period, leading to dosing discontinuation on
day 11. However, there were no abnormalities in body weights, serum electrolyte
concentrations, or general status. In the study 2A macaques receiving 100 mg/kg BID,
a moderate increase of the creatinine concentration (+18.6 umol/liter) was observed at
the end of the follow-up period. However, this biological abnormality was not found in
groups receiving higher doses of 150 and 180 mg/kg BID. In conclusion, no serious
abnormalities were observed with the different dose regimens explored in the four
studies. More details can be found in the supplemental material.

Noncompartmental analysis. The data produced in the four PK studies are dis-
played in Fig. 1. The results showed a strong nonlinearity of favipiravir over doses and
time in Chinese cynomolgus macaques in studies 1A and 1B (Table 2). Clearance at day
7 decreased with dose, from 0.13 liters/h/kg to 0.04 liters/h/kg for doses of 60 mg/kg
BID to 150 mg/kg BID, respectively. Data from study 1B also showed nonlinearity over
time, with an 80% decrease in the clearance rate between day 1 and day 7, occurring
from the second administration, and then a 25% increase in the clearance rate between
days 7 and 14, for the two levels of maintenance doses.
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Median C,,.. Median C,,. Median CL (liters/h/kg)

(mg/liter) (min-max) (mg/liter) (min-max) (min-max)

Day 7 Day 14 Day 1 Day 7 Day 14 Day 1 Day 7 Day 14
425 (415-593) NA 244.1 (222.2-263.2)  240.7 (210.6-358.2) NA 0.10 (0.10-0.11)  0.05 (0.03-0.06) NA
265.0 (229.0-288.0) NA 223.1 (187.9-351.3) 1109 (61.1-117.8) NA 0.11 (0.07-0.13) 0.08 (0.07-0.14) NA
115.0 (106.0-165.0)  NA 203.5 (189.9-309.9)  23.6 (18.0-73.9) NA 0.12 (0.08-0.13) 0.22 (0.07-0.28) NA

509.5 (467.0-590.0)

470.5° (368.0-506.0)

88.4 (54.3-117.7)

241.4 (214.0-347.6)

194.3% (167.3-283.8)

0.25 (0.18-0.38)

0.03 (0.02-0.04)

0.04° (0.03-0.05)

3285 (310.0-370.0) 289.5 (271.0-317.0) 60.3 (51.0-72.9) 131.6 (107.5-159.0)  102.2 (85.3-133.2) 0.28 (0.23-0.33)  0.06 (0.05-0.08) 0.09 (0.06-0.10)
274.8 (133.2-354.0)  291.4 (175.4-339.2) 40.1 (20.9-63.0) NA 47.9 (16.9-89.9) 0.42 (0.26-0.80) NA 0.17 (0.09-0.49)
829.2 (683.0-898.7) NA NA 368.3 (263.3-626.7) NA NA 0.04 (0.02-0.06) NA
4459 (337.8-491.9) NA NA 187.1 (150.6-217.8) NA NA 0.07 (0.06-0.08) NA

Significantly lower exposure was found in studies 2A and 2B, performed in ma-
caques from Mauritius Island, with a C,,. on day 14 of 47.9 mg/liter compared to 102.2
mg/liter for a maintenance dose of 100 mg/kg BID (P = 0.040) and a C,,. on day 7 of
187.1 mg/liter compared to 241.4 mg/liter for a maintenance dose of 150 mg/kg BID
(P = 0.024).

PK model building. A one-compartment model with first-order elimination was
inadequate to describe the favipiravir PK over 7 days with repeated administrations.
The addition of a nonlinear Michaelis-Menten elimination term improved the fit of the
data, but it did not allow a description of the concentration increase from the first to
the second administrations. Finally, a model including enzyme-mediated elimination
with concentration-dependent inhibition provided the best description of the PK
profiles of favipiravir, and a combined residual-error model was retained:

dA,
dt

= kXA, — koy X A, X A,

enz

dA,
dt

=Ry, — kout X (1+ C. X 0l*deg) X A, (1)

where A_ is the amount of favipiravir in the central compartment, C,_ is the favipiravir
plasma concentration, A, is the enzymatic activity level, k is the first-order elimination
rate, k., is the enzyme-dependent first-order elimination rate, k., is the enzyme
elimination rate, R, is the zero-order enzyme synthesis rate, ., is the linear effect of
the favipiravir concentration on the enzyme elimination rate, and V is the volume of
distribution. The activity level of the enzyme at baseline, A,,, was set to 1. This model
makes the assumption that favipiravir increases enzyme degradation, in accordance
with the irreversible inhibition mechanism proposed by the manufacturer.

Next, data from study 1B, where female cynomolgus macaques were treated and
anesthetized daily for 14 days, were included. Because the model predicts that the drug
rapidly reaches steady state, it could not capture the decrease in drug concentrations
between day 7 and day 14. To account for this feature, a time-dependent variation in
the enzyme kinetics on ay., Was added:

da,
dr

This model has one additional parameter, A, which is the rate at which enzyme
elimination becomes less and less sensitive to the favipiravir concentration. Thus, with
this model, the enzyme activity increases over time and returns to its baseline value,
leading to a decrease in the drug concentration. The effect of sex and/or anesthesia was
then explored by using this model and selected on k..

R, — kout X1+ C. X Qgeg X e M r) X A, (2)
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FIG 2 Individual observed concentrations (black dots) and model predictions (solid lines) for macaques treated with various dosing regimens. Red dots indicate

data below the limit of quantitation, represented by dashed lines.

Finally, data from studies 2A and 2B were included, and the faster drug elimination
in macaques of Mauritian origin was attributed to higher values of k., and ., (Table
2). Selection of the random effect led to fixing k,,,, and ay.,, and the final model had
four independent random effects. Individual fits (see Fig. SA5 in the supplemental
material) and diagnostic plots of the final model (Fig. 2; see also Fig. SA6 to SA8 in the
supplemental material) did not point out any misspecification.

Model predictions. At the first administration of favipiravir, the enzyme-dependent
elimination part is much larger than the independent one, with k,,, and k being equal
to 2.85 and 0.065 h—', respectively (Table 3). However, the inhibition of the enzyme by
favipiravir leads to a rapid decrease of the enzyme-dependent pathway. The enzyme is
continuously synthetized at a rate, R, equal to 0.024 h~', and consequently, it takes
about 4 days after complete drug elimination to return to the baseline enzyme level. A

TABLE 3 Pharmacokinetic model parameter estimates and associated relative standard
errors?

Interindividual

Estimated fixed variability,

Parameter effect (RSE, %) (%) (RSE, %)
V (liters/kg) 0.359 (2.8) 13.9(14.5)
k(h=") 0.0654 (6.6) 23.4(15.2)
kon, for macaques of Mauritian origin (h~") 2.85(9.8) 24.2 (13.0)
kenz for macaques of Chinese origin (h~") 1.25(8.8)
Qgeg for macaques of Mauritian origin 0.179 (10.1) 0 (fixed)

(mg~" liter)
Qgeq for macaques of Chinese origin 0.100 (9.5)

(mg~" liter)
Koy for males (h=") 0.036 (6.4) 0 (fixed)
Ko for females (h=7) 0.024 (6.0)
A(h™7) 0.00155 (18.7) 104.1 (16.3)
Residual error

Additive (mg/liter) 2.77(7.9)

Proportional 0.155 (3.1)

aRSE, relative standard error.
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sex difference was found for the parameter k., equal to 0.024 h~' in females and
0.036 h=" in males (P = 3 X 107° by a likelihood ratio test [LRT]). In order to fit the
decrease in the drug concentration after repeated administration of favipiravir, we
estimated A to be 0.0016 h~' (Table 3). Regarding differences between the two
geographic origins, cynomolgus macaques from Mauritius Island had a larger enzyme-
dependent elimination constant than did Chinese macaques (k.,,, equal to 2.85 h™’
and 1.25 h™7, respectively; P = 5 X 107> by an LRT) and a higher favipiravir concen-
tration linear effect on the enzyme elimination rate (a4, equal to 0.179 and 0.100
liters - mg ™', respectively; P = 0.0007 by an LRT). The fact that there is a faster inhibition
of the enzyme by favipiravir in Mauritian macaques suggests that the discrepancy in
drug concentrations between the two groups might be reduced with high doses.

Simulations with different dosing regimens. Average and residual concentrations
were predicted to be lower in Mauritian macaques than in Chinese macaques in all
scenarios. At day 7, the average total plasma concentrations in Mauritian (compared to
Chinese) cynomolgus macaques were equal to 67 mg/liter (compared to 124 mg/liter),
215 mg/liter (compared to 284 mg/liter), and 312 mg/liter (compared to 384 mg/liter)
for maintenance doses of 100, 150, and 180 mg/kg BID, respectively. In order to achieve
similarly high concentrations in Mauritian cynomolgus macaques, maintenance doses
would need to be equal to 120, 170, and 200 mg/kg BID, respectively (not shown). The
loading dose was found to increase concentrations on days 1 and 2 but had a limited
impact on enzyme inhibition afterwards (see Table SAT in the supplemental material).
No steady state was reached during the dosing period, and concentrations were
predicted to decrease over time, with decreases in the average concentration of 51%,
39%, and 30% between day 7 and day 14 for maintenance doses of 100, 150, and 180
mg/kg BID, respectively, in Mauritian cynomolgus macaques. Increasing the mainte-
nance dose from 100 to 120 mg/kg BID (Chinese-origin macaques) and from 150 to 180
mg/kg BID (Mauritian-origin macaques) on day 7 would allow them to maintain
concentrations until day 14 (Fig. 3, middle and right).

Drug exposure and EC;, against hemorrhagic fever viruses. In Chinese cyno-
molgus macaques, the model predicted that a maintenance dose of 100 mg/kg BID
may be sufficient to maintain median trough concentrations at day 7 above the EC,
of all viruses except EBOV and YFV (Fig. 3). In order to maintain free drug
concentrations above the EC;, until day 14, the model predicted that an increase
in the dose at day 7 from 100 to 120 mg/kg BID is necessary. For EBOV and YFV,
higher doses of 150 mg/kg BID until day 7 followed by 180 mg/kg BID afterwards
were predicted to maintain free concentrations above the drug ECs, until day 14
(Fig. 3, middle).

In Mauritian macaques, the model predicted that a maintenance dose of 150 mg/kg
BID may be sufficient to maintain median trough concentrations at all times above the
EC,, for all viruses except EBOV and YFV (Fig. 3, middle; see also Table SA1 in the
supplemental material). In the case of EBOV and YFV, a maintenance dose of 180 mg/kg
BID maintains the concentrations above the drug ECs, until day 7 but not afterwards
(Fig. 3).

DISCUSSION

The pharmacokinetics of favipiravir exhibited nonlinearity over dose and over time,
with a marked increase in drug concentrations between the first and second admin-
istrations, followed by a progressive reduction afterwards until the end of the dosing
period. A model with an enzyme inhibition process was developed to characterize this
complex profile, which allowed us to fit the data and to make predictions for a variety
of unobserved scenarios.

The complexity of the drug PK and the large variability in drug concentrations across
animals are likely due to the fact that favipiravir inhibits aldehyde oxidase, which is the
main enzyme involved in the drug elimination (21). This enzyme targets and is inhibited
by many molecules in vitro, such as raloxifene, menadione, or amitriptyline (27). There
are no data to our knowledge on the aldehyde oxidase phenotypes across macaque
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FIG 3 Prediction of plasma free concentrations (assuming a protein binding rate of 50%) of favipiravir in female Chinese (green) and Mauritian (red) cynomolgus
macaques on day 1 (left), day 7 (middle), and day 14 (right) with various dosing regimens. (Top) Doses of 200 mg/kg BID on day 1, 100 mg/kg BID on days
2 to 7, and 120 mg/kg on days 8 to 14; (middle) 250 mg/kg BID on day 1, 150 mg/kg BID on days 2 to 7, and 180 mg/kg on day 8 to 14; (bottom) 250 mg/kg
BID on day 1 and 180 mg/kg BID on days 2 to 14. For each profile, 1,000 macaques were simulated, and medians (solid lines) and 25th and 75th percentiles
(dashed lines) are given. EC,, are given in Table 1. EBOV, Ebola virus; YFV, yellow fever virus; LAV, Lassa fever virus; MARV, Marburg virus; RVFV, Rift Valley fever

virus; CCHFV, Crimea-Congo hemorrhagic fever virus; JUNV, Junin virus.

populations. However, it is known that Mauritian and Southeast Asian cynomolgus
macaque populations have a genetic gap (28, 29), and therefore, it is possible that this
genetic difference explains the discrepancy in PK between the two species. Yet, and in
spite of efforts to standardize the protocol studies and animal handling, the experi-
ments were performed in two different laboratories, and thus, one cannot rule out that
the differences found between the two species are due to confounding factors.
Another intriguing pattern of the drug PK was the decrease in drug concentrations
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over time, which was captured by using a time-varying parameter. We also tested a
more physiological model with a feedback mechanism where the decrease of the
aldehyde oxidase activity due to favipiravir increases enzyme synthesis, but data fitting
was not improved. It is noteworthy that a decrease in drug concentrations over time
was also found for EBOV-infected patients treated with high doses of favipiravir
(unpublished results).

In terms of safety, a decrease in food consumption imputed to favipiravir was
observed for the macaques during the dosing period in study 1B at a dose of 150
mg/kg BID, leading to dosing discontinuation on day 11, but not in those in study 2B
treated for 7 days with 180 mg/kg BID, which had higher exposure (Table 2). Global
impairment of psychomotor activities, including decreases in food intake, was previ-
ously reported in an oral-dose toxicity study in Chinese cynomolgus macaques receiv-
ing 1,000 mg/kg/day, confirming results for other species showing that high concen-
trations of favipiravir transiently depress the central nervous system (30). Besides this
observation, no other abnormalities in body weights, serum electrolyte concentrations,
general condition, or necropsy that required dosing interruption for macaques were
reported. Considering the data from the four studies, some biological alterations were
noticed, in particular anemia and liver cytolysis (see the supplemental material). These
changes were also previously reported in toxicity studies (30), and they were reversible
after a 1-month recovery.

In order to simulate drug exposure with different dosing regimens, a number of
assumptions were made. First, the studies were conducted in noninfected animals, and
infection may alter the drug concentration. For instance, a decrease of the favipiravir
concentration was observed in a hamster model of arenavirus hemorrhagic fever (31).
Second, the criterion used to propose the dosing regimens was based on the compar-
ison between the EC., observed in vitro and the free plasma concentration of favipi-
ravir, which may not be the best marker of nucleoside analogue antiviral activity.
Besides, no PK sampling was performed on the tissues to explore favipiravir diffusion.
Indeed, the active form of favipiravir is the intracellular triphosphate metabolite (32),
which could present different kinetics from the parent form, as was observed for other
nucleoside analogues in HIV infection (33). Nonetheless, the half-life of the intracellular
triphosphate metabolite, as estimated for human peripheral blood mononuclear cells,
is equal to 2 h (30). Although a higher value (5.6 h) was found in influenza virus-infected
MDCK cells (34), these values are comparable to the plasma favipiravir half-life, which
ranges from 2 h to 6 h, as found in this study and in other contexts (21). Therefore, the
PK of the active intracellular metabolite is likely limited by its rate of formation, and it
is reasonable to assume that antiviral activity is driven by favipiravir PK. Third, the
criterion to find relevant dosing regimens was based on the predose drug concentra-
tions, but average or cumulative exposure may also be relevant. More generally, the
exposure-response relationship cannot be anticipated, and a PK-virus dynamic analysis,
as proposed, for instance, for mice infected with EBOV (35), will be needed to fully
characterize the antiviral activity of favipiravir. In this respect, viral dynamic modeling
teaches that the time of treatment initiation is critical to reduce virus levels and that a
drug affecting viral replication, such as favipiravir, will have only a very limited impact
on viremia if it is administered after peak viremia (35). Furthermore, the duration of
treatment may also be critical, as previous studies showed that EBOV-infected ma-
caques treated with BCX4430 or ZMapp may still have detectable viremia at 14 days
postchallenge (36, 37). Treatment duration and exposure can also in theory affect the
emergence of resistance. Although there is no evidence so far of resistance to favipiravir
in influenza or HF viruses (10, 38), the emergence of resistant Chikungunya mutants
consecutive to low-level exposure to favipiravir in cellular culture was reported (39).
Therefore, it cannot be ruled out that treatment duration, in particular if drug concen-
trations decline over time, may increase the risk of emergence of resistance.

In conclusion, we developed a mathematical model to predict plasma exposure to
favipiravir in NHPs with various dosing regimens. This information can be used to
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design studies evaluating favipiravir efficacy and to characterize the dose-response
relationship of favipiravir against a variety of viruses responsible for HF.

MATERIALS AND METHODS

Four studies of uninfected cynomolgus macaques were conducted to determine the PK of favipiravir
(Fig. 1). Studies 1A and 1B were conducted by the manufacturer, Toyama Chemicals Ltd., in Japan on
macaques from China. Studies 2A and 2B were conducted by Silabe and Eurofin/ADME Bioanalyses in
France, on behalf of the academic European Reaction Consortium, on macaques from Mauritius Island.
The Toyama study protocols were written in accordance with the animal welfare bylaws of Shin Nippon
Biomedical Laboratories DSR and reviewed by the Institutional Animal Care and Use Committee
(approval no. 2014-0662 and IACUC063-073). Reaction studies were approved by the French Research
Ministry (approvals 02015011614462849 and 2015062511215426V1) after favorable opinion of the
C2EA35-CREMEAS ethic committee.

Drug administration. In the four studies, favipiravir was dissolved in water for injection to a final
concentration of 50 mg/ml after being added with an equivalent molar mass of meglumine. Favipiravir
was then diluted with physiological saline on the day of or the day before dosing to give 40-, 30-, and
20-mg/ml formulations, which were administered to macaques by short intravenous infusion. In order to
mimic infection studies, animals in studies 1B, 2A, and 2B were anesthetized within 30 min before each
drug administration by intramuscular injection of 2.5 mg/kg of body weight tiletamine hydrochloride
salt-2.5 mg/kg zolazepam hydrochloride salt (Zoletil). Favipiravir was administered without anesthesia in
study 1A. In the four studies, venous access for drug administration was distinct from venous access for
sampling to prevent any contamination.

Study design. Study 1A was a 1-week repeated-i.v.-dose PK study including nine nonanesthetized
male cynomolgus macaques from China (5 to 7 years old, weighing 5.1 to 7.9 kg). All macaques
received the same loading dose of 300 mg/kg BID on day 1, followed by a maintenance dose of 150
mg/kg (n = 3), 100 mg/kg (n = 3), or 60 mg/kg (n = 3) BID every 12 h by a short infusion of 20 min.
Drug concentrations were measured frequently on day 1 and day 7 (before dosing, 5 and 30 min and
1,2, 4,6, and 12 h after dosing, and 24 h after dosing on day 7) and twice a day before dosing
between day 2 and day 6.

Study 1B was a 2-week repeated-i.v.-dose PK study including eight female anesthetized cynomolgus
macaques from China (4 to 5 years old, weighing 3.3 to 4.3 kg). Macaques received a loading dose of
either 200 mg/kg BID on day 1, followed by a maintenance dose of 100 mg/kg BID (n = 4), or 250 mg/kg
BID on day 1, followed by a maintenance dose of 150 mg/kg BID (n = 4), every 12 h by a short infusion
of 10 min. Drug concentrations were measured frequently on day 1, day 7, and day 14 (before dosing,
5and 20 min and 1, 2, 4, 8, and 12 hours after dosing, 5 min after the second dosing on day 1 and day
7,and 24 h after dosing on day 14) and three times a day on the other days (before dosing, 5 min after
dosing, and before the second dosing).

Study 2A was a 2-week repeated-i.v.-dose PK study including five female anesthetized cynomolgus
macaques from Mauritius Island (3.8 to 3.9 years old, weighing 3.5 to 4.8 kg). All macaques received a
loading dose of 200 mg/kg BID on day 1, followed by a maintenance dose of 100 mg/kg BID every 12
h by a short infusion of 10 min. Drug concentrations were frequently measured on day 1 and day 14
(before dosing; 5 min, 20 min, 2 h, 4 h, 8 h, and 12 h after dosing; 5 min after the second dosing; and
24 h after the second dosing on day 14) and two times a day on the other days (before the second dosing
and 5 min after the second dosing).

Study 2B was a 1-week repeated-i.v.-dose PK study including eight female anesthetized cynomolgus
macaques from Mauritius Island (3.4 to 4.7 years old, weighing 3.6 to 4.8 kg). Macaques received a
loading dose of either 250 mg/kg BID on day 1, followed by a maintenance dose of 150 mg/kg BID
(n = 4), or 250 mg/kg BID on day 1, followed by a maintenance dose of 180 mg/kg BID (n = 4) every
12 h by a short infusion of 10 min. Drug concentrations were measured frequently on day 7 (before
dosing and 5 min, 2 h, 4 h, 8 h, and 12 h after dosing), four times a day on day 1 and day 2 (before and
5 min after the first and second dosings), and three times a day on the other days (before and 5 min after
the first dosing and before the second dosing).

Safety. Clinical signs, body weight, and food consumption were assessed daily. Hematology and
blood chemistry parameters, including hemoglobin concentrations; red cell, white cell, and platelet
counts; reticulocyte counts; and serum creatine kinase, aspartate transaminase (AST), alanine amino-
transferase (ALT), bilirubin, creatinine, nitrogen urea, sodium, potassium, chlorine, and calcium levels,
were assayed in the pretreatment period and at the end of the follow-up period. All animals were
euthanized on the last day of the study and necropsied in studies 1B, 2A, and 2B but not in study 1A.

Analysis methods and cross-validation of data from favipiravir concentration assays. Favipiravir
plasma concentrations were assayed separately in studies 1 and 2 by using high-performance liquid
chromatography (HPLC) coupled to UV detection (Shimadzu 10A and SPD 10A, respectively) and HPLC
coupled to tandem mass spectrometry detection (Kromasil C,; and API4000, respectively), respectively,
with limits of quantification (LOQs) of 0.1 mg/liter and 5 mg/liter, respectively. Cross-validation of the two
analytical processes was performed on 15 samples in a blind fashion (see the supplemental material).

Noncompartmental analysis. For each animal, the maximal concentration of drug in serum (C,,..);
the predose concentration (C,,4n); the average concentration (C,,.), defined as the area under the
concentration-time curve from 0 to 12 h (AUC,_,,) divided by 12; and the clearance rate (CL), defined as
dose/AUC, were obtained by noncompartmental approaches after the first administrations on day 1, day
7, and/or day 14 (see the supplemental material). Medians and ranges for parameters in each study were
reported, and Wilcoxon tests were used for statistical comparisons between groups.
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Study 1A Study 1B Study 2A Study 2B
Non anesthetized male Chinese Anesthetized female Chinese Anesthetized female Mauritian Anesthetized female Mauritian
cynomolgus treated for 7 days cynomolgus treated for 14 days cynomolgus treated for 14 days cynomolgus treated for 7 days
60 mg/kg BID (N=3)
100 mg/kg BID (N=3) 100 mg/kg BID (N=4) 100 mg/kg BID (N=5)
150 mg/kg BID (N=3) 150 mg/kg BID (N=4) 150 mg/kg BID (N=4)
180 mg/kg BID (N=4)
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FIG 4 Strategy used to build the pharmacokinetic model (top) and final pharmacokinetic model of favipiravir in cynomolgus macaques (bottom). Parameter
k is the enzyme-independent elimination rate constant, k., is the enzyme-dependent elimination rate, R,, is the zero-order enzyme synthesis rate, k_,, is the
one-order elimination rate, and aq.q is the linear effect of the favipiravir concentration on the enzyme elimination constant.

out

Modeling favipiravir pharmacokinetics in cynomolgus macaques. A PK model of favipiravir
concentrations in cynomolgus macaques was developed by using the strategy depicted in Fig. 4.

Pharmacokinetic and residual-error models were selected by using data from the 1-week study 1A.
We started with a monocompartmental model with linear elimination. Because nonlinearity was ob-
served in the noncompartmental analysis (see Results), we also tested a model with a Michaelis-Menten
elimination, a model with both zero-order and first-order eliminations, a model with both first-order and
Michaelis-Menten eliminations, and a model with both first-order and nonlinear eliminations depending
on favipiravir plasma concentration levels (see equation 1, above), accounting for the aldehyde oxidase
pathway. All these models were tested by assuming exponential random effects on all parameters with
a diagonal variance matrix for the random effects.

Next, data from study 1B were added; as it was a 2-week study, the time effect was tested on
elimination and enzyme parameters. Additions of linear, inverse tangent, and exponential time functions
on elimination and enzyme parameters, as well as the feedback effect on enzyme production, were
tested. The effect of sex and anesthesia (since the design of the studies does not allow them to be
separated) was evaluated. Finally, data from studies 2A and 2B were added, and the parameters were
reestimated to assess the effect of NHP origin (China and Mauritius Island for studies 1 and 2,
respectively), and relevant random effects were selected.

Model estimation was performed by using a nonlinear mixed-effect model and Monolix 4.2.2
software (Lixoft) (22). Structural, covariate, and residual-error model selections were based on the
Bayesian information criterion (BIC) value, a fitting criterion based on the model likelihood that takes into
account the number of parameters in the model. Random effects with a variance of <0.1 or associated
with a relative standard error of >100% were deleted by using a backward procedure. Correlations for
random effects were added to the final model for parameters presenting Pearson correlation coefficients
of >0.6 between their individual predictions. Selection of the covariate effect on structural parameters
was performed by using a forward procedure, where the covariate was added sequentially for each
parameter. The procedure continued until no improvement in the BIC value was obtained. Maximum
likelihood estimation took into account the information brought by data under the LOQ, as described
previously (23). Model assessment was performed throughout model building by using diagnostic
plots: observations versus population predictions, observations versus individual predictions, individ-
ual weighted residuals over time and individual predictions, normalized prediction distribution errors
over time and individual predictions, and visual predictive check per dose (24, 25).
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Simulation studies with different dosing regimens. We used the final PK model to evaluate by

simulation the drug exposure that could be achieved during 2 weeks of favipiravir treatment with a
loading dose of 200 or 250 mg/kg BID on the first day followed by a maintenance dose ranging from 60
to 180 mg/kg BID. In order to take into account the possible reduction in drug concentrations over time
(see Results), we also evaluated scenarios where the dosing regimen increased in the second week of
treatment. For each scenario, 5,000 in silico PK profiles with frequent sampling measurements were

generated by using the mIxR package (http://simulx.webpopix.org/mlxr/), and daily C,

aver

values were provided.

C

trough’

and C

max

Drug exposure and EC,, of favipiravir against hemorrhagic fever viruses. The in vitro EC;, of

favipiravir against a variety of hemorrhagic fever viruses are reported in Table 1. When several EC;, were
reported in the literature, we chose to be conservative, and only the highest value was considered. We
then compared the median predicted drug concentration profiles with the EC,, reported in the literature.
Consistent with what had been done previously, we relied on free drug concentrations, assuming a
protein binding rate of 50% in cynomolgus macaques (unpublished data, Toyama Chemicals Ltd.), close
to the value in humans (54%) (26).

For MARV, given that no information was available, cell culture experiments were performed

purposely (see the supplemental material). Favipiravir EC5, and EC,, values were found to be equal to
6.8 and 11.4 pg/ml, respectively, in cell culture experiments (see the supplemental material).
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AAC.01305-16.

TEXT S1, PDF file, 2 MB.
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